Geophysical source conditions for basaltic lava from Santorini volcano based on geochemical modeling by Baziotis, Ioannis et al.
Accepted Manuscript
Geophysical source conditions for basaltic lava from Santorini
volcano based on geochemical modeling
Ioannis Baziotis, Jun-Ichi Kimura, Avgoustos Pantazidis, Stephan
Klemme, Jasper Berndt, Paul Asimow
PII: S0024-4937(18)30266-4
DOI: doi:10.1016/j.lithos.2018.07.027
Reference: LITHOS 4733
To appear in: LITHOS
Received date: 26 April 2018
Accepted date: 26 July 2018
Please cite this article as: Ioannis Baziotis, Jun-Ichi Kimura, Avgoustos Pantazidis,
Stephan Klemme, Jasper Berndt, Paul Asimow , Geophysical source conditions for
basaltic lava from Santorini volcano based on geochemical modeling. Lithos (2018),
doi:10.1016/j.lithos.2018.07.027
This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Draft for: 
Lithos Letters, Research Letter 
Title: 
Geophysical source conditions for basaltic lava from Santorini volcano based on 
geochemical modeling 
Authors: 
Ioannis Baziotis1, Jun-Ichi Kimura2, Avgoustos Pantazidis1, Stephan Klemme3, Jasper 
Berndt3, and Paul Asimow4 
Affiliations: 
1Department of Natural Resources Management & Agricultural Engineering, 
Agricultural University of Athens, Athens, Greece 
2Department of Solid Earth Geochemistry, Japan Agency for Marine-Earth Science and 
Technology, Yokosuka 237-0061, Japan 
3Institut für Mineralogie, Westfälische Wilhelms-Univ. Münster, Correnstrasse 24, 
Münster, Germany 
4Division of Geological and Planetary Sciences, California Institute of Technology, 
Pasadena, California 91125, USA 
 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Correspondence to: 
Ioannis Baziotis 
ibaziotis@aua.gr 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Abstract (210 words) 
Santorini volcano sits ~145 km above the Aegean Wadati-Benioff zone, where the 
African plate subducts northward beneath Eurasia. There are only a few localities in the 
whole Aegean where basaltic lavas primitive enough to constrain mantle processes 
beneath the Aegean arc can be found; in this work we analyzed one such locality, a 
basalt lava from the southern part of Santorini. We apply a suite of petrological tools 
(PRIMACALC2 and ABS5) in sequence to estimate magma chamber conditions, 
primary magma composition, mantle melting conditions, and slab dehydration 
conditions. Back-calculation modeling based on major-element chemistry yields 
shallow magma chamber conditions of P = 0.02 GPa, fO2 = QFM+2, and ~1 wt.% H2O 
in the primary magma. The estimated major element composition of this primary 
magma then leads to estimated mantle melting conditions of 2.1 GPa, 1353°C, and F = 
8%; whereas a more precise estimate derived from trace element modeling implies 1.7 
GPa, 1323°C, and F = 18%. Furthermore, the trace element model implies a slab flux 
derived from 4.6 GPa (~150 km slab depth). The estimated slab depth, magma 
segregation conditions, and magma chamber depth are all consistent with seismic 
observations, supporting slab dehydration in the seismically imaged steep slab interval 
and flux melting in a relatively hot mantle wedge. 
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1. Introduction 
Santorini volcano, centrally located along the South Aegean arc, sits ~145 km above the 
Wadati-Benioff zone (WBZ) marking the northward subduction of the African plate 
beneath the Eurasian continent [Papazachos et al., 2000]. It has a long eruption record: 
activity started ~650 ka (mainly rhyolites and rhyodacites), with pulses at ~550 ka 
(basalt-rhyodacite) and ~360 ka (large explosive eruptions of andesite-rhyodacite and 
minor basalt), culminating in the caldera-forming Bronze-age Minoan event [Druitt et 
al., 1999]. As in many volcanic arcs, scenarios of fractional crystallization with or 
without mixing between felsic and mafic magmas have been proposed to explain the 
broad range of compositions, textures, and eruptive styles of the Santorini volcanic 
products [Andújar et al., 2015; Huijsmans et al., 1988]. When the goal is specifically to 
interrogate mantle processes, melting conditions, and source compositions, though, it is 
always important to identify the least fractionated and contaminated basalt lavas, 
because information about the early stages of magma genesis are progressively 
obscured and overprinted during shallow magmatic evolution. Here we focus on a basalt 
lava flow from the cinder cone of Akrotiri area (344±44 ka; Druitt et al., 1999) located 
at the southern part of Santorini at Balos cove (36°21.7’N, 25°23.8’E), one of very few 
basalt exposures along the Aegean arc. The age of this rock is estimated at 344±24 ka 
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[Druitt et al., 1999]. The goals are to constrain both the magma chamber conditions that 
led to the mafic eruption and the geophysical conditions of the slab and mantle source 
regions via petrological and geochemical mass balance modeling.  
 
2. Basalt Lavas from Santorini Volcano 
2.1. Analytical methods 
We collected 20 lava and scoria samples, selected for freshness and integrity, from the 
Balos area of southern Santorini. Polished thin sections prepared from selected samples 
were examined by optical microscopy and scanning electron microscopy for their 
textures and by electron probe microanalyzer (EPMA) and field emission EPMA 
(FE-EPMA) for their mineral chemistry. The EPMA analyses were conducted on a 
JEOL JXA-8900 Superprobe with four wavelength-dispersive spectrometers (WDS) at 
the Laboratory of Mineralogy and Geology, Agricultural University of Athens, Greece, 
while additional FE-EPMA data were collected on a JEOL JXA8530F equipped with 
five WDS and an energy-dispersive spectrometer at the Institut für Mineralogie, 
University of Münster, Germany. Analyses were conducted at 15 kV accelerating 
voltage. For minerals, a 20 nA beam current, ~2 μm beam diameter, and counting times 
of 20 s on peak positions and 10 s for backgrounds were used. For glass analyses, a 
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defocused beam with ~5 μm diameter, 10 s peak and 5 s background times were used to 
avoid volatile escape. Natural and synthetic standards used were: quartz (Si), corundum 
(Al), jadeite (Na), diopside (Ca), olivine (Mg), fayalite (Fe), spessartine (Mn), 
orthoclase (K), apatite (P), ilmenite (Ti), chromite (Cr), and Ni-oxide (Ni). Matrix 
effects were corrected by the conventional ZAF method. Representative mineral 
chemistry results are given in Table 1. 
Whole-rock major and trace element concentrations were determined on pellets 
of pressed rock powder using the X-ray fluorescence spectrometer (Panalytical 
PW-2400) at the Hellenic Centre for Marine Research, Greece. X-ray counts were 
converted to concentrations using the Panalytical Axios ProTrace standards and protocol, 
which includes 500 ppm and 1000 ppm concentration standards for each of 40 elements, 
calibrated against more than 200 international reference materia ls. The analytical 
precision is 5-10% on the basis of duplicate runs of standards and unknowns, except for 
those trace elements whose concentrations are close to their detection limits, for which 
analytical precision may be ~50% [Barreda et al., 2016]. Accuracy is assessed using the 
secondary geological standard PACS-2, for those elements included in the protocol and 
also assigned a standard reference value in PACS-2. Reported detection limits are based 
on count rates and background statistics. Whole-rock chemistry results, reference and 
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measured values of the PACS-2 standard, and detection limits are given in Table 2. 
 
2.2. Petrography and mineral chemistry 
The basalt lavas from Santorini contain phenocrysts of olivine and 
clinopyroxene in a groundmass of olivine, clinopyroxene, plagioclase, and magnetite 
with minor glass and rare xenocrystic quartz. The basalts exhibit pilotaxitic to trachytic 
textures defined by random to flow-oriented tabular plagioclases, respectively. Their 
modes include 10–12 vol.% olivine, 10–15 vol.% clinopyroxene, and 45–50 vol.% 
plagioclase. The olivine phenocrysts are 0.5–1.0 mm in length, pale pink in color, 
euhedral to subhedral in shape, and commonly cracked. The large olivine crystals are 
complexly zoned in forsterite content. Reversely zoned cores increasing outwards from 
Fo79–81 to maxima of Fo84.5 are surrounded by normally zoned mantles trending down to 
well-defined uniform rims 3-20 μm wide of Fo71.9 in direct contact with groundmass 
(Fig. 1a, Table 1). Small olivine microphenocrysts <0.1 mm in diameter occur within 
the groundmass and show minor normal zonation (Fo75-71) (Figs. 1a, b). 
Clinopyroxene, pale green in polarized light, is present as phenocrysts up to 
600 μm long and groundmass crystals <100 μm long (Fig. 1c). Both sizes have 
compositions in the range En36–48Wo41–44Fs11–21. 
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Embedded in a flow texture, 100–200 μm prismatic or dendritic plagioclase 
grains form the most abundant mineral phase in the groundmass (Figs. 1c, d). 
Plagioclase crystals display normal zoning, richer in calcium in the cores (An78–85) than 
in the rims (An60–76). 
The less mafic samples contain a minor fraction (~1–2 vol.%) of idiomorphic 
to subidiomorphic magnetite <20 μm in diameter, with variable TiO2 (1.9-16.5 wt.%) 
(Fig. 1e). Scarce subhedral to anhedral xenocrystic quartz grains are present in the 
groundmass (Fig. 1f). 
2.3. Bulk rock chemistry 
The major element composition of the basalt lavas occupies a narrow range, 
with 49.0–51.2 wt.% SiO2, 10.6–11.1 wt.% CaO, 8.3–9.3 wt.% FeO, 5.9–6.4 wt.% MgO, 
and 2.0–2.2 wt.% Na2O (Table 2). On the basis of total alkalis (Na2O + K2O) versus 
silica, most of the samples lie in the basalt field (Le Bas et al. 1986; figure not given), 
though one sample plots very close to the basaltic andesite field. Other oxides (P2O5, 
MnO, TiO2, and K2O) are <1 wt.%. To plot trace element patterns, since we have only 
XRF data on our new samples, we used abundances of unanalyzed elements such as Sm, 
Eu, heavy rare earth elements (HREE; Tb, Yb, Lu), and U from previously reported 
analytical results on similar Santorini basalts [Michaud et al., 2000], and interpolated 
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the remaining HREE by assuming smooth patterns in normalized multi-element plots 
(see Table 3). Trace elements exhibit typical arc-basalt signatures, with negative Nb 
anomaly, positive Sr and Pb spikes, enrichments of large ion lithophile elements, and 
flat patterns of the mid- to heavy rare earth elements in normalized multi-element plots 
(Fig. 2a, Table 3).  
 
3. Geochemical Modeling 
Geophysical parameters such as the segregation depth of magma from the 
mantle and fractionation depth in a crustal magma chamber can be estimated using 
phase equilibria [Almeev et al., 2013; Herzberg and Asimow, 2015; Kuritani et al., 
2014; Till et al., 2012] or mineral-melt partitioning [Putirka, 2005]. We apply two 
petrological/geochemical mass balance models based on major and trace elements, 
respectively. 
The PRIMACALC2 model [Kimura and Ariskin, 2014] uses major element 
chemistry of a fractionated magma and a thermodynamic model of mineral-melt 
equilibrium to estimate the pressure (P), temperature (T), oxygen fugacity (fO2), and 
water content (XH2O) prevailing during fractional crystallization in the shallow magma 
chamber. The PRIMACALC2 code also estimates both major and trace element 
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composition of the primary magma by incrementally adding calculated equilibrium 
mineral phases back into the magma composition. The major element composition of 
the primary magma, in turn, is used to estimate the P, T, and degree of partial melting 
(F)  at which the magma might have been in equilibrium with a mantle peridotite 
residue, based on experimentally-determined and mass-balance constrained petrogenetic 
grids for mantle melting.  
The second model is Arc Basalt Simulator version 5 (ABS5) [Kimura, 2017]. 
Taking the incompatible trace element compositions of the primary basalt magma from 
PRIMACALC2 as input, ABS5 forward-calculates slab dehydration/melting, assuming 
compositions of slab mantle, gabbro, basalt, and sediment and a set of partition 
coefficients. Incompatible element compositions of slab-derived liquids are estimated 
for slab depths equivalent to 0.5–6 GPa and subsequently input to 
mass-balance-constrained open-system flux melting calculations of primary basalt 
compositions for a range of mantle source depletion at conditions in the range of 0.8–3 
GPa and 1000–1450 °C. A Monte Carlo sampling of the resulting model primary basalts 
is compared to the major and trace element compositions of the primary magma 
estimated by PRIMACALC2 to locate the best fit and thereby estimate the P-T 
conditions of slab fluid extraction (Pslb and Tslb) and conditions of flux melting of the 
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mantle — P, T, F, fraction of slab fluid (fslb liq), and degree of depletion of the mantle 
(%MORBext) relative to primitive mantle (PM) or depleted mid-ocean ridge basalt 
source mantle (DMM). 
The assumptions, modeling strategy, and calculation details for both 
PRIMACALC2 [Kimura and Ariskin, 2014] and ABS5 [Kimura, 2017] are given in the 
literature. Both models are coded in macro-enabled Microsoft Excel© spreadsheets and 
can be downloaded along with the online versions of the above references. 
 
3.1. Primary Magma  
The basaltic samples analyzed here are by far the most primitive samples available from 
Santorini and are therefore the best samples for application of a primary melt 
calculation. None of the evolved samples from Santorini help to constrain the primary 
basalt composition, and in fact within error each of them can be derived by continued 
fractionation of the primitive basalts reported here. Also, because our sample population 
is nearly homogeneous, we chose the average of all whole-rock analyses as a target for 
the PRIMACALC2 model. Some trace elements required by the model are missing and 
were supplemented either from the literature [Michaud et al., 2000] or from 
assumptions in the multi-element plot (Fig. 2a, Table 3). Calculated magma chamber 
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conditions of the representative Santorini basalt and the source mantle conditions of its 
primary basalt are summarized in Table 3, together with the fitted major and trace 
element compositions of the evolved basalt, the primary basalt estimate from 
PRIMACALC2 and best- fitting primary basalt from ABS5. The full results of the 
fractional crystallization sequence from the primary liquid to the erupted Santorini 
basalt are given in Table S1, based on the thermodynamic model COMAGMAT 3.7.2 
[Ariskin, 1999], a module in PRIMACALC2.  
The fractionation calculation gave best results for magma chamber conditions 
of P = 0.02 GPa, fO2 = QFM+2 (estimated from mineral chemistry), and XH2O = 1.0 
wt.%. The estimated total degree of crystallization is ~70% and the path includes (in 
sequence) olivine, plagioclase, magnetite and clinopyroxene fractionation (Fig. 2b). 
Calculated masses of each fractionated phase are 17 vol.% olivine, 20-25 vol.% 
clinopyroxene, 22-25 vol.% plagioclase, and ~5 vol.% magnetite. Although there is no 
particular reason these proportions of fractionated phases should correspond to the 
observed mode of the erupted basalt, the proportions are consistent with the observed 
mode of 10–12 vol.% olivine, 10–15 vol.% clinopyroxene, 45–50 vol.% plagioclase, 
and ~5 vol.% magnetite. Calculated mineral compositions are Fo84 for olivine, 
En52Wo40Fs9 for clinopyroxene, and An70–80 for plagioclase in the final fractionation 
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stage, all of which are consistent with the observed core compositions of the 
corresponding phenocrysts, Fo81, En48Wo41Fs11, and An78–85 (Fig. 2b, Table S1).  
This model provides a reasonable estimate for a primary magma with Mg# = 
0.76 (Mg#=Mg/[Mg+Fe2+]) containing Fo91 olivine that would be in equilibrium with a 
residual mantle peridotite having MgO = 43 wt.% (Table 3). The estimated Ni content 
in the olivine is 0.34 wt.%, slightly lower than required for equilibrium with the mantle, 
but the difference is within the uncertainties in olivine-melt Ni partition coefficients. 
Estimated melting conditions of the mantle source based only on the best-fit to the 
major-element composition of the primary magma estimate are P = 2.1 GPa, T = 
1353 °C, and F = 7.6%, with XH2O = 1 wt.% in the primary basalt (Fig. 2c, Table 3). 
 Crustal assimilation might also have affected the elemental abundances in the 
estimated primary magma. There are reports of increases or decreases due to 
assimilation of up 10 % in the elemental abundances of basalt to basaltic andesite rocks 
in an arc with ~30 km thick crust (e.g., NE Japan) [Kimura and Yoshida, 2006]. 
However, ±20% differences in the elemental abundances in the model primary basalt 
magma cause <10% changes in estimated slab and mantle conditions, except for the 
degree of source mantle depletion, which may be affected by a factor of two as shown 
by the sensitivity tests of ABS5 [Kimura, 2017]. The same has been shown for 
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PRIMACALC2 [Kimura and Ariskin, 2014]. We therefore consider that the effects of 
crustal assimilation in this case are likely negligible for most of the reported 
conclusions. 
3.2. Source Mantle and Slab Conditions 
Using the estimated primary basalt composition from PRIMACALC2, we calculated 
source conditions using ABS5. We used the global sediment composite (GLOSS) 
composition [Plank and Langmuir, 1988] as an estimate of the sedimentary component 
of the slab because the average compositions of Aegean sediments have a similar 
compositional range, although large variations are seen in Ba, U, Sr and Zr–Hf 
concentrations [Klaver et al., 2015]. For the subducted oceanic crust composition, we 
considerd both  typical altered oceanic crust (AOC) [Kelley et al., 2003] and normal 
mid-ocean ridge basalt (N-MORB) [Jenner and O'Neill, 2012]. The mantle wedge 
source was initially assumed to have PM composition [Sun and McDonough, 1989], but 
prior depletion of this source was examined by fitting the model parameter %MORBext, 
which parameterizes the degree of fractional extraction of MORB melt from PM prior 
to its advection into the mantle wedge [Kimura et al., 2010] (Table S2). 
Isotopic compositions of sources and primitive basalt can be used as additional 
mass balance constraints in ABS5 [Kimura, 2017; Kimura et al., 2010; Kimura et al., 
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2014; Kimura and Nakajima, 2014], but in the absence of comprehensive data for the 
local subducting components we restricted our analysis to major and trace elemental 
concentrations only. Nevertheless, the resulting estimates of source conditions are 
reasonably well-constrained (Table 3), similar to results from other applications of 
ABS3 without isotopic constraints [Rooney and Deering, 2014]. The ABS5 results are 
dominantly constrained by mass balance of incompatible trace elements, with additional 
constraints from major elements [Kimura, 2017]. We note that only a one-dimensional 
family of slab P-T conditions is considered, with the relationship between them fixed by 
subduction parameters such as slab age, slab angle, and subduction rate. These were 
estimated from a geodynamic model for the Aegean arc [Syracuse et al., 2010; van 
Keken et al., 2011].  
 The resultant fits for the incompatible elements are graphically shown in 
Figure 2a, along with the estimated mantle and slab liquid compositions. Table 3 shows 
the results for major and trace elements and the slab-mantle conditions. The forward 
calculations reproduce well the incompatible element abundances in the primary basalt, 
except for Ba, Th, and U, which are affected by minor minerals in the slab and by the 
detailed proportions of different sedimentary components in the subducted section 
[Kimura et al., 2014]. It is notable that the important geophysical parameter estimates 
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for melting conditions are similar to those from PRIMACALC2 apart from a large 
difference in F: P = 1.7 (2.1) GPa, T = 1323 (1353) °C, F = 18.5 (7.6) %, and primary 
basalt XH2O = 1.55 (1.01) wt.% (values in parentheses from PRIMACALC2). The 
best-fitting slab fluid composition is that derived from Pslab = 4.4 GPa at Tslab = 799°C, 
conditions where both sediment- and basalt-derived fluids are supercritical [Kawamoto 
et al., 2012]. Slab flux added to the mantle is found to make up ~5.4 wt.% of the source. 
The best-fitting source mantle is depleted relative to PM by %MORBext = 5.5 wt.%. 
This depleted source is similar to or only slightly more fertile than DMM [Asimow et al., 
2004; Kimura and Kawabata, 2015](Fig. 2a). Furthermore, the best-fitting slab fluid is 
dominated by the altered oceanic crust component: it is a mix of 10% sediment-derived 
and 90% AOC-derived fluxes (see Fliq[SED] and Fliq[AOC] in Table 3). Recently, 
isotopic compositions from Aegean sediments have become available and the 
contribution of slab sediments to the Aegean arc lavas has been discussed [Klaver et al., 
2016; Klaver et al., 2015]. The results suggested a range of at least 2% to at most 10% 
sediment-derived component in the Santorini arc lava source. 
 
4. Seismic Observations and Geochemical Models 
Combining petrological and geochemical estimates of slab and mantle conditions with 
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geophysical observations can lead to a more unified understanding of the structure of a 
subduction system [Kimura, 2017; Kimura et al., 2010; Kimura et al., 2014; Kimura 
and Nakajima, 2014; Kimura et al., 2009]. The excellent agreement between the 
estimated source mantle conditions from the backward PRIMACALC2 and the forward 
ABS5 models offers a useful basis for comparison to geophysical inferences from local 
seismological observations. Figure 3a shows a seismicity map of the Aegean, including 
seismic foci in the subducting African plate, in the mantle wedge, and in the upper 
Eurasian plate [Papazachos et al., 2000]. Recent papers have focused on receiver 
function analysis to locate the slab surface, as opposed to the classical use of seismicity 
depths  that define the WBZ. Receiver function estimates yield depths to the slab 
surface beneath Santorini ranging between 100 and 170 km [Endrun et al., 2005; Olive 
et al., 2014; Sodoudi et al., 2006]. Tomography and receiver function evidence suggest 
that the subduction angle of the African slab steepens at 100 km and flattens again at 
170 km depths. Santorini volcano sits between the 100 km and 170 km contours, within 
the narrow map-view band above the steep part of the slab, with a best estimate slab 
depth below the volcano of ~130 km, whereas the WBZ defined by seismicity lies at 
~145 km depth under Santorini. 
The two estimates of slab depth beneath Santorini, 130 km by receiver function 
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analysis and 145 km from seismicity, both correlate well with our estimate of slab fluid 
release at P = 4.4 GPa (~145 km deep), considering the large uncertainty in the estimate 
of the depth of slab fluid release from the ABS5 petrological model. Furthermore, the 
upwelling trajectory of the slab fluid can easily be deflected from vertical either by 
suction towards the wedge corner or by entrainment in the horizontal component of the 
mantle wedge flow, as suggested by geodynamic models [Wada and Behn, 2015] (see 
Fig. 3b). The depth calculated for last equilibration of the primary magma with the 
fluxed mantle wedge, P = 1.7 GPa (~56 km), is located in the middle of the mantle 
wedge at a depth where no seismic foci have been observed (Fig. 3b).  
Using seismicity data, however, we can make the interesting observation that 
the calculated depth of magma segregation correlates well with the downdip limit of 
shallow slab-surface seismicity at ~70 km. This may represent the 
lithosphere-asthenosphere boundary beneath the upper plate of the subduction system, 
which is the most logical location for melt segregation to occur and where a change in 
mechanical coupling to the slab may occur (Fig. 3b). A similar observation of 
decreasing slap-top seismicity in the 60–80 km depth range beneath NE Japan has been 
attributed to a loss of slab-mantle coupling [Shiina et al., 2013].  
More generally, the seismic structure beneath the Aegean arc is fundamentally 
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similar to that observed in the NE Japan arc [Kimura and Nakajima, 2014; Nakajima et 
al., 2013; Shiina et al., 2013]. Yet, the Aegean arc is missing the low-K tholeiitic basalts 
commonly found in the volcanic front chains of the NE Japan arc. The high T-P  
(1323 °C and 1.7 GPa) calculated here for the center of the Aegean arc are instead 
similar to those beneath the rear-arc volcanic chain in NE Japan. Although the slab 
subduction angles of the two arcs are almost identical, the subducted plate in the Aegean 
Arc is older (200 Ma) than that in the NE Japan arc (129 Ma) [Syracuse et al., 2010], 
the subduction velocity is much slower in the Aegean than in NE Japan (1.5 cm/yr 
versus 8.2 cm/yr), and the arc-trench distance is shorter in the Aegean (250 km) than in 
NE Japan (319 km) [Syracuse et al., 2010]. These observations could be reconciled if 
the slow subduction rate leads to higher slab temperature at given depth (despite the old 
slab age) and a reduced arc-trench distance in the Aegean arc. The restricted space 
available to the mantle wedge at the volcanic front may reduce penetration of hot mantle 
counterflow into the forearc. This may result in a cold forearc mantle nose, preventing 
generation of hydrous low-K basalt magma above the shallow (~100 km) slab despite 
aqueous slab fluids being selectively released at this depth. It is possible that the fluids 
released into the cold mantle nose from the slab form hydrated mantle that is then 
advected downwards by slab-mantle coupling [Wada and Behn, 2015] and subsequently 
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dehydrated again at 4.4 GPa depth; in this case the estimate of dehydration depth from 
ABS5 would correspond to this secondary dehydration event rather than the original 
slab dehydration. 
The agreement between the depth of slab fluid separation beneath Santorini 
estimated from the geochemical mass balance model and its coincidence with the depth 
to the WBZ based on seismicity observations is encouraging and supports a more robust 
description of slab and mantle conditions beneath Santorini. For example, it implies that 
the path of fluid and melt ascent from the slab surface to Santorini does not depart very 
much from vertical, which supplies an important constraint on the parameters of 
geodynamic flow models for the Aegean subduction system. Furthermore, the result 
lends credence to the notion that the narrowness of the volcanically active front in the 
Aegean is tied to focused slab dewatering within the interval of steep slab dip. 
The results of this study also have implications for two broader issues in 
subduction zones worldwide: the occurrence of low-K tholeiite and the temperature of 
mantle wedges. The absence of low-K tholeiite is typical of hot subduction zones such 
as Cascadia and SW Japan. The same is true for intermediate-temperature subduction 
systems such as S. Chile. Even in a cold subduction system such as the Marianas, a 
steep slab angle may prevent production of low-K tholeiite [Kimura, 2017]. Scarce 
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low-K tholeiites do appear in old and cold subduction systems with relatively low 
subduction angles (<40°), such as NE Japan, northern Izu, and northern Tonga arcs 
[Syracuse et al., 2010]. The Aegean arc is characterized by a relatively old slab, slow 
subduction rate, and locally steep slab dip beneath the volcanic front but a generally low 
slab dip and, we argue here, an anomalously hot mantle wedge despite the old slab age. 
Hence the absence of low-K tholeiite at Santorini adds a new perspective to theories 
about which subduction parameters are the prime controls on cross-arc geochemical 
variations; evidently subduction geometry, slab age, and temperature of mantle wedge 
inflow are all significant. 
The maximum wedge mantle temperatures estimated by geodynamic models of 
subduction zones worldwide are surprisingly variable [Syracuse et al., 2010]. For 
cold-slab subduction zones, temperature estimates include 1377 °C (Izu), 1413 °C (NE 
Japan), and 1451 °C (Tonga). Subduction zones with intermediate-temperature slabs 
show similar temperatures, such as 1428 °C in S. Chile. Surprisingly, hot-slab 
subduction zones yield lower estimates of peak mantle-wedge temperature, e.g., 
1291 °C in Cascadia. The geodynamically estimated maximum wedge mantle 
temperature for Aegean arc is quite low, 1275 °C [Syracuse et al., 2010], somewhat 
similar to estimates for hot-slab subduction systems that lack low-K tholeiite. The 
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application of ABS5 model calculations to worldwide subduction systems, in contrast, 
yields relatively coherent results for mantle wedge temperature that are not 
anti-correlated with slab age. For example, wedge mantle temperature ranges from 
ABS5 include 1230–1260 °C (NE Japan), 1200–1330 °C (N-Izu), 1250–1370 °C (SW 
Japan) [Kimura, 2017; Kimura et al., 2010], and 1323 °C for the Aegean arc [this study). 
The ABS5 model uses a geochemical mass balance including water, whose influence 
buffers the mantle wedge temperature and lowers the solidus temperature of both mantle 
peridotite and slab components. By contrast, the geodynamic model methd of Syracuse 
et al. [Syracuse et al., 2010] does not explicitly account for the effects of water. The 
~50 °C discrepancy in estimates of mantle wedge temperature for the Aegean arc from 
geodynamics and geochemistry calls for further examination by future work that tests in 
detail the predictions of each class of model against all available kinds of observations. 
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Figure Captions 
 
Figure 1. Backscattered electron images of the phenocrysts in the Santorini basalt: (a,b) 
olivine, (c) clinopyroxene, (d) groundmass with plagioclase, (e) magnetite, and (f) a 
quartz xenocryst.  
 
Figure 2. Calculation results of (a) ABS5 and (b, c) PRIMACALC2 models. (a) Fitting 
result of ABS5 model melt composition to the Santorini primary basalt trace element 
composition. Estimated slab fluid and mantle peridotite compositions are also shown 
(see Table 3). (b) Estimated crystallization sequence of the Santorini basalt in an 
oxidized (fO2 = QFM+2) shallow (P = 0.02 GPa) magma chamber with XH2O = 1 wt.% 
water in the primary magma. Fractionated mineral phases, percent crystallization, Fo% 
of olivine, An% of plagioclase, and XH2O in the magma are all shown as functions of 
temperature. Vertical lines mark the points along the liquid line of descent of the 
primary basalt and the observed average Santorini basalt. The horizontal arrow indicates 
the extent of back-crystallization that leads to the primary magma estimate from 
PRIMACALC2. (c) CMAS normative mineral projection from the DI apex onto the 
OL–AN–QZ plane, showing contours of pressure (P, solid lines) and extent of melting 
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(F, dotted lines) for batch melting of peridotite. The small circles and arrow show the 
back calculation trajectory for fractional crystallization of the Santorini basalt and the 
large black dot indicates the PRIMACALC2 primary basalt solution for Santorini. 
 
Figure 3. Seismic structure and estimated geophysical conditions for the Aegean 
subduction zone and basalt source of the Santorini volcano. (a) Map-view distribution 
of seismic foci and location of the Santorini volcano. Earthquake symbols indicate 
magnitude and depth. The location of the cross section are shown. (b) Cross section 
beneath of the Aegean Arc; seismic foci are perpendicularly projected onto the cross 
section (open circles). Intra-crustal (shallow) and slab-mantle (deep) seismicity are 
clearly separated. Small arrows indicate direction of maximum tensile stress from the 
focal mechanisms. Grey-scaled lines indicate different slab layers used for modeling in 
ABS5 (from top to bottom: metasomatized mantle wedge peridotite, sediment, altered 
uppermost oceanic crust, lower (fresh) extrusive basalt, dike, upper gabbro, lower 
gabbro, and slab peridotite layers). Small filled circles on the slab layers areas of melt or 
fluid production according to the ABS5 slab model [Kimura, 2017], using a P-T path for 
the slab appropriate to the geodynamics of the Aegean arc [Syracuse et al., 2010; van 
Keken et al., 2011]. Large grey circles and ovals indicate the location and conditions of 
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the regions of slab fluid derivation, primary magma segregation, and shallow magma 
chamber (Labeled by pressure, temperature, and key mass-balance variables given and 
defined in Table 3). Seismicity is sparse in the molten slab region and mantle wedge, 
whereas the shallow magma chamber is located in the brittle upper crust. The change in 
seismicity and stress field in the slab at ~70 km may be associated with penetration into 
the convecting mantle wedge asthenosphere. The thermal structure estimated by ABS5 
modeling is consistent with this tectonic setting (see the 800 and 1300 °C isotherms).  
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Table Captions  
Table 1. Major element mineral chemistry of the Santorini samples. 
 
Table 2. Whole-rock major and trace element compositions of the Santorini basalt 
lavas. 
 
Table 3. Calculated results of primary basalt magma by PRIMACALC2 and its source 
conditions estimated by ABS5 models. Input column indicates average composition of 
the Santorini basalt. Data are from this study (bold), from [Michaud et al., 2000] 
(regular), and estimated from other elements (italic). 
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Table 1: Major element mineral chemistry of the Santorini samples. 
 
Οl-1 Ol-2 Ol-3 Ol-4 Pl-1c Pl-1r Pl-2c Pl-2r Cpx-1 Cpx-2 Cpx-3 
SiO2 38.8 39.3 40.4 41.4 51.7 53.3 50.3 50 50.2 52.7 45.3 
TiO2 <b.dl <b.dl <b.dl <b.dl <b.dl <b.dl <b.dl <b.dl <b.dl <b.dl <b.dl 
Al2O3 <b.dl <b.dl <b.dl <b.dl 30.5 29.5 31.1 31.6 4.8 3.01 1.64 
FeO 23.5 18.6 12.8 13.6 <b.dl <b.dl <b.dl <b.dl 8.4 11.3 10.1 
MgO 37.7 42 46.8 44.9 <b.dl <b.dl <b.dl <b.dl 15.7 17.2 15.7 
CaO <b.dl <b.dl <b.dl <b.dl 15.3 12.7 16.9 15.7 21 15.76 27.3 
Na2O <b.dl <b.dl <b.dl <b.dl 2.5 4.53 1.73 2.72 <b.dl <b.dl <b.dl 
Total 100 99.9 100 99.9 100 100 100.03 100.02 100.1 99.6 100 
  End-Members 
Fo 74 80 86 85 
 
 
     Fa 26 20 14 15 
 
 
     Ab 
    
78 60 85 76 
   An 
    
22 40 15 24 
   En 
    
 
 
  
44 49 38 
Wo 
    
 
 
  
42 33 48 
Fs              13 18 14 
b.dl: below detection limit 
c: core, r: rim 
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Table 2. Whole-rock major and trace element compositions of the Santorini basalt lavas. 
Samples 7A 7B 8A 8B 9A 9b 
PACS-2 
given 
content** 
PACS-2 
measured 
content** 
Relative 
uncertainty 
% 
SiO2 51.1 50.6 50.8 51 50.5 50.7 59 58.01 1.68 
TiO2 0.85 0.83 0.84 0.84 0.82 0.83 0.74 0.73 1.49 
Al2O3 18.1 18.5 18.1 18.1 18.2 18 12.5 12.03 3.78 
Fe2O3 8.96 8.73 8.97 8.94 8.15 8.84 5.85 5.96 1.88 
MnO 0.15 0.15 0.15 0.15 0.15 0.15 0.057 0.059 3.51 
MgO 5.39 6.24 6.25 6.13 6.35 5.97 2.44 2.39 1.97 
CaO 10.7 10.6 10.7 10.7 10.8 10.7 2.75 2.81 2.22 
Na2O 2.24 2.14 2.12 2.14 2.04 2.03 5 4.89 2.14 
K2O 0.53 0.41 0.44 0.45 0.41 0.46 1.49 1.52 1.74 
P2O5 0.09 0.11 0.1 0.12 0.09 0.13 0.22 0.23 3.4 
LOI 1.12 1.6 1.05 0.95 2.1 2.07       
Τοtal 99.23 99.91 99.52 99.52 99.61 99.88 90.047 88.629   
Rb 9.6 8.7 7.7 8.3 8.1 8.7       
Ba 107 88 81 84 86 107   802 - 
Th 11 9 10 11 11 9 0.6     
Nb 2.6 2 2.2 2.6 2.1 3.1       
La 16.7 3.1 3.5 5.7 7.3 19       
Ce 27 22 11 19 59 69       
Sr 212 204 205 208 206 212 276 300 8.96 
Nd 12 13 6 2 34 39       
Zr 63 57 56 56 55 58       
Hf 11 5 8 10 12 6       
Y 18.3 18.5 18.7 18.6 18.7 18.5       
Ni 38 51 51 51 34 30 40 39 2.48 
Zn 51 52 46 50 51 52 364 344 5.39 
Sb 2.9 3.5 2.9 3.2 2.9 3.2       
Co 14 30 25 27 14 14 11.5 11.5 0 
Cr 82 98 93 103 112 88 91 94 4.07 
Cu 36 56 59 55 30 20 310 326 5.14 
Ga 14 12 13 13 13 13       
Mo 1.4 1.3 1.1 1.2 1.1 1.1 5.43 5.6 3.13 
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Sc 34 27 27 31 37 36       
V 153 199 196 186 199 192 133 143 7.29 
The detection limits are: (1) 0.01 wt.% for SiO2, TiO2, Al2O3, Fe2O3, MgO, MnO, CaO, Na2O, K2O, and P2O5; (2) 0.002 
wt.% for SO3; (3) 0.005 wt.% for Ba and Pb; (4) 0.002 wt.% for Cu; (5) 0.001 wt.% for V, Co, Cr, Ni, Sr, Zn, and Zr; (6) 
0.0001 wt.% for Mo, Nb, Rb, Sb, and Sc; and (7) <0.0009 wt.% for Ce, Ga, Th, and Y.  
**: Given and measured content based on 10 replicate analyses. 
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Table 3. Calculated results of primary basalt magma by PRIMACALC2 and its source conditions estimated by 
ABS5 models.   
Model PRIMACALC 2   ABS5   
 
Element Input Chamber Mantle Element Mantle   
Sample Santorini Santorini P. basalt Sample P. Basalt 1SD 
SiO2 50.71 52.41 46.67 SiO2 48.66 0.63 
TiO2 0.84 0.87 0.49 TiO2 0.78 0.09 
Al2O3 18.26 18.88 16.40 Al2O3 14.04 0.29 
FeO 7.31 7.55 9.45 FeO 9.81 0.66 
MnO 0.15 0.16 0.12 MnO - - 
MgO 6.07 6.28 13.86 MgO 15.44 0.41 
CaO 10.77 11.13 11.43 CaO 9.68 0.42 
Na2O 2.11 2.18 1.34 Na2O 1.35 0.00 
K2O 0.44 0.45 0.20 K2O 0.21 0.00 
P2O5 0.09 0.10 0.04 P2O5 1.55 0.60 
SUM 99.68 100.00 100.00 SUM     
Rb 8.02 - 3.96 Rb 4.50 0.10 
Ba 86.9 - 45.1 Ba 80.1 6.34 
Th 1.0 - 0.59 Th 0.32 0.02 
U 0.20 - 0.15 U 0.21 0.02 
Nb 2.35 - 1.15 Nb 1.23 0.03 
Ta 0.15 - 0.07 Ta 0.06 0.00 
K 3616 - 1837 K 1733 
29.9
3 
La 8.26 - 3.78 La 3.48 0.05 
Ce 26.3 - 7.6 Ce 11.8 0.09 
Pb 3.00 - 1.32 Pb 1.48 0.09 
Pr 3.00 - 1.13 Pr 1.18 0.03 
Sr 208 - 226 Sr 244 
21.6
9 
Nd 12.8 - 5.20 Nd 5.00 0.17 
Sm 3.00 - 1.64 Sm 1.14 0.05 
Zr 55.3 - 36.5 Zr 32.8 0.73 
Hf 1.30 - 1.10 Hf 1.05 0.02 
Eu 0.90 - 0.56 Eu 0.43 0.01 
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Gd 3.00 - 1.88 Gd 1.54 0.03 
Tb 0.50 - 0.32 Tb 0.28 0.01 
Dy 3.30 - 2.09 Dy 1.95 0.04 
Y 18.6 - 10.1 Y 11.6 0.19 
Ho 0.70 - 0.44 Ho 0.42 0.01 
Er 2.00 - 1.25 Er 1.25 0.02 
Tm 0.30 - 0.19 Tm 0.20 0.00 
Yb 2.00 - 1.22 Yb 1.31 0.03 
Lu 0.30 - 0.18 Lu 0.19 0.00 
H2O (wt%) in basalt - - 1.01 H2O (wt%) in basalt 1.55 0.60 
Ni (wt%) in olivine  - - 0.34 Pslab (GPa) 4.4 0.1 
Fo% in olivine - - 91.00 Tslab (°C) 799 1 
Mg# in basalt - - 0.76 Fliq(AOC) 0.90 0.02 
Fe2+/Fe(t) in basalt - - 0.78 Fliq(SED) 0.07 0.02 
T (°C) in chamber/mantle - 1124 1358 %R slab 138 4 
P (GPa) in chamber/mantle - 0.02 2.10 %MORBext. 5.5 2.8 
% crystallization - 70 - fslb liq. (%) 5.4 1.6 
MgO (wt%) in mantle - - 43 H2O in slab liq. (%) 4.9 1.7 
T (°C) in mantle - - 1353 T (°C) in mantle 1323 21 
P (GPa) in mantle - - 2.1 P (GPa) in mantle 1.7 0.1 
F (%) - - 7.6 F (%) 18.5 5.1 
Input column indicates avaerage composition of the Santorini basalt. 
   
Data are from this study (bold), from Michaud et al. (2000) (regular), or estimated from other elements (italic). 
 
P. Basalt: Primary basalt; 1SD: 1-standard deviation 
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Supporting Information Table S1. Results of PRIMACALC2 calculations for forward 
modeling of crystallization sequence from primary basalt to target Santorini basalt. 
Supporting Information Table S2. Target basalt, calculated basalt, slab liquid, and 
source compositions used in ABS5 calculations. 
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Highlights 
 -Geochemical modeling shows slab flux to Santorini source derives from ~145 
km depth (84) 
 -Primitive Santorini basalt formed by 18% fluxed partial melting at 1323°C and 
1.7 GPa (85) 
 -Dehydration of steep slab and deep partial melting yield narrow Hellenic 
volcanic arc (85) 
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